Extensive excited-state molecular dynamics simulations of femtosecond laser-induced structural transformation in single-walled carbon nanotubes ͑SWNTs͒ are presented. We considered in the simulation two limiting cases; one where only a short portion of the tube is irradiated and the other where the whole tube is affected by the laser pulse. We have analyzed the role of chirality ͑zigzag versus armchair and some chiral tube cases͒ in the damage threshold as a function of tube diameter. Nontrivial dependence of the damage threshold as a function of diameter has been found. We find that for equal laser parameters, zigzag SWNTs are on average equally stable with respect to laser excitation as armchair SWNTs, but their stabilities show different dependencies on diameter. Due to the higher stiffness of the ͑n , n͒ tubes in the direction perpendicular to its axis as compared to the ͑n ,0͒ tubes, we find the formation of standing waves in the nanotube wall for zigzag and not for armchair tubes. We also studied the role of the laser pulse duration and show that in general longer laser pulses increase the damage threshold. This result is rationalized in terms of electron-ion relaxation times. Implications of laser-induced structural transformations are analyzed.
I. INTRODUCTION
Carbon nanotubes are one of the most interesting materials at the nanoscale range. They have received a lot of attention due to their excellent thermal, electronic, and optical properties which are promising nanodevice applications in the the near future. [1] [2] [3] [4] As electron sources, they have a large electron conductivity and field electron emission. 4 These amazing properties are usually found in experiments performed on individual nanotubes, resulting in a difficulty in scaling those measurements when they are applied to a bunch of nanotubes. This means that the electronic properties of these systems depend crucially on the nanotube quality. This dependence is mainly due to the presence of absorbed molecules 5 and vacancies or defects 6 as they deteriorate their electronic and thermal properties. Therefore it is important to find experimental methods which help to improve the nanotube quality and improve their electron field emission properties. In this respect, different approaches have been taken, starting from applying external fields 7 during the nanotube growth up to fine tuning the growth conditions with physical parameters such as temperature. 8 In recent years, femtosecond and picosecond laser pulses have been shown to be a very useful tool to change, manipulate, calibrate or create new structures at small length scales ranging from millimeters to nanometers depending on the laser wavelength. [9] [10] [11] [12] [13] This is mainly due to the fact that laser pulses are able to deposit a large amount of energy in a small spatial region while the temporal scale between the energy deposition and the ion vibrations are comparable. The energy deposited is absorbed by the electrons and after some electron-electron relaxation which happens on a very short time scale, the energy is transferred to the ions in its own time scale. In the femtosecond regime, it is possible to observe, among others, atoms or molecules in the course of transformations, chemical reactions, biological processes, and catalytic processes.
Several experimental studies on laser irradiation of carbon nanotubes have been published. Recently, a comparison between thermal heating and low laser irradiation intensity has been reported for multiwall carbon nanotubes. 8 In thermal treatment, the authors have found an improvement of the electronic emission as a function of temperature ͑of the order of 700°C͒ but they also found a large degradation on the nanotube quality. Instead, in the case of a laser excitation, the electronic emission is increased almost as efficiently as in the thermal case but the nanotube quality is also improved, this being mainly due to the fact that laser irradiation does not cause a permanent damage to the nanotubes. Their observations show that laser fields have more beneficial influence on the nanotube quality and its transport properties after laser application than thermal treatments. Smalley and co-workers have performed fluorescence measurements with femtosecond laser pulses and they have found a very fast electronic relaxation ͑at most of 100 fs͒ 14 and fluorescence emission ͑about 10 ps͒. 15 Ma and co-workers 16 have studied the morphology changes on carbon nanotubes under laser irradiation. In this particular case, the laser was of low intensity ͑of the order of 3 ϫ 10 4 W/cm 2 ͒. They observed very important changes on the nanotube structure characterized by studying TEM images before and after the laser application. More recently, Dresselhaus and co-workers 17 have studied experimentally, possible morphological changes on carbon nanotubes. After laser irradiation and depending on the laser parameters an improvement of structural ordering and perhaps removal of chemisorbed gases has been reported. This study was based on Raman spectroscopy measurements on nano-tube samples after laser deposition. At low intensity irradiation, the nanotubes can be sintered together, whereas at increased itensity, the nanotubes get damaged and an important reconstruction has been observed. A very important observation was a dependence of the threshold damage intensity as function of the tube diameter. Even though they did not explain this dependence microscopically, they reported that smaller diameter tubes are burnt off at lower laser intensities. Resonant Raman spectroscopy is an excellent tool for the investigation of laser-induced structural modifications of carbon nanotube ensembles. 18 Structural changes in singlewalled carbon nanotubes ͑SWNTs͒ have also been investigated after heat treatment. 19 On the theoretical side, besides the characterization of the optical absorption of carbon nanotubes, 20 photodesorption has been proposed as a noninvasive tool to clean carbon nanotubes, 21 vibrational excited state dynamics has been shown to be a very reliable tool to identify topological defects in carbon tubes, 12, 22 and selective cap opening of carbon nanotubes induced by femtosecond lasers was predicted. 23 Motivated by these experiments we have performed a set of calculations of femtosecond laser pulses applied on single-wall carbon nanotubes. We present results of the threshold energy required to damage the nanotube as function of tube chirality, diameter, and laser pulse duration. We find that the damage thresholds are complex nonmonotonous functions of the diameters of nanotubes. For one fixed diameter, we find a threshold that is nearly independent of the nanotube chirality.
This paper is organized as follows. First we briefly describe the theoretical approach we use to handle the excited state electron-ion dynamics in the presence of a laser pulse, then we discuss the results for the damage thresholds for zigzag and armchair nanotubes having different diameters. Finally, we conclude by summarizing our results.
II. THEORY
We simulate laser-induced ultrafast structural changes in carbon nanotubes using a method based on nonadiabatic molecular dynamics simulations. We take into account, on a microscopic level, the laser excitation and thermalization processes sustained by the electrons and their influence on the lattice dynamics. The method has been described in detail in Ref. 24 and applied to carbon solids and nanostructures. 12, 23, [25] [26] [27] The problem of nonadiabatic molecular dynamics has also been treated with methods of surface hopping [28] [29] [30] and the quantum-classical mean field ͑Ehrenfest͒ method. [31] [32] [33] In the following we summarize the main points of our approach. The movement of the atoms is described by integrating the equations of motion, which are obtained from the Lagrangian 34, 35 
͑1͒
Here, the first two terms in the Lagrangian yield the Newton equations of motion for the atoms while the last two terms lead to equations of motion for the additional degrees of freedom, which in this case correspond to the lattice parameters of the MD supercell. In particular, the third term represents the contribution to the total kinetic energy coming from the alteration of the primitive vectors. This term is only nonzero if the MD supercell changes its shape and/or volume during the simulation. The external pressure p ex acts on the MD supercell which can change its shape and volume according to its equations of motion. U͕͑r ij ͖͒ is the potential energy surface ͑PES͒ on which atoms are moving. r ij = ͉r ជ i − r ជ j ͉ refers to the interatomic distance between atoms i and j. The absolute coordinates of the atoms r i are connected via r i = hs i to the relative coordinates s i by the matrix h that contains the vectors spanning the MD supercell which contains the atoms being considered. The PES is calculated as the free energy of the valence electrons
and is a function of the interatomic distances ͕r ij ͖ and the occupations of the electronic levels n l . In Eq. ͑2͒, the quantity V e represents the energy of the system, V e = V TB + V rep , where the first term is the attractive ͑bonding͒ energy due to the valence electrons and the second term stands for the repulsive interaction between the atomic cores. V TB is obtained from the diagonalization of an orthogonal tight binding ͑TB͒ Hamiltonian of the form
where ⑀ i␣ is the on-site energy of atom i and orbital ␣. c i␣ + and c j␣ are the creation and annihilation operators, and V ij ␣␤ ͑r ij ͒ the hopping integrals. For the description of carbon, the 2s, 2p x , 2p y , and 2p z orbitals are taken into account. For the interatomic distance dependence of these hopping integrals and for V rep we employ the forms proposed by Xu et al. 36 The second part of the right hand side of Eq. ͑2͒ describes the entropy term of the electron free energy. S e =−2k B ͚ l ͓n l ln͑n l ͒ + ͑1−n l ͒ln͑1−n l ͔͒ is the electronic entropy and T e the electronic temperature.
At low temperatures and in the absence of an external field the entropy term in the PES is negligible and the atoms move on a potential determined by the electronic ground state and the repulsive core-core interaction. However, when a time dependent laser field of shape E͑t͒ and frequency excites the system, it excites electron-hole pairs and therefore produces changes in the electronic occupations n l . Thus, due to the presence of an ultrashort laser pulse and the subsequent thermalization process the occupations n l ͑t͒ become time dependent quantities. This leads to a time dependence of the electronic temperature T e ͑t͒ and the electronic entropy S e ͑t͒. Already for moderate intensities of the laser pulse the changes in the occupations are such, that the entropy term of the PES starts to play a very important role.
To describe the light absorption and thermalization processes which cause the changes in the n l 's we solve a set of coupled equations of motion for the occupations, which are derived from the Liouville-von Neumann equation for the reduced density matrix. Thus, the time derivatives of the n l 's satisfy 24 dn͑⑀ m ,t͒ dt
͑4͒
Here, the first term describes the excitation process, with the spectral function of the laser pulse g. The second term of Eq. ͑4͒ describes the electron-electron collisions that lead to an equilibration of the electronic system with a rate equation of the Boltzmann type for the occupation n͑⑀ m , t͒. Hence, with a time constant 1 , the occupation n͑⑀ m , t͒ approaches a FermiDirac distribution n 0 ͑⑀ m ͒. In other words, the laser pulse changes the initial ground state electronic distribution n l ͑ 0 , T 0 ͒ into a time dependent nonequilibrium distribution n l ͑t͒, which then converges in a time scale of 1 , due to electron-electron collisions, to a Fermi-like function n l ͑ , T e ͒. ͑t͒ is the chemical potential. We model the action of the laser pulse by assuming a spatially uniform excitation of the SWNT section in the MD supercell. This might seem at odds with the fact that typical experimental laser profiles have a Gaussian intensity distribution in space. But it becomes plausible if we consider the length scales involved: While a typical laser spot is several micrometers in diameter, the SWNT sections we simulate measure a few nanometers. The change in intensity of a Gaussian pulse with width over a tube section of length l is proportional to ͑l / ͒ 2 . This gives a change of 10 −6 if l ϳ 1 nm and ϳ 1 m. Thus the electric field inside the MD supercell is approximately uniform, and it is justifiable to use periodic boundary conditions as even the SWNT sections neighboring the primary MD supercell will experience similar electric field strengths. Furthermore, the wavelength of the laser light greatly exceeds the dimensions of the simulated nanotube section. In order to simulate the effects of the laser in different regions of the Gaussian intensity profile, we have to employ several of our simulations with small supercells and uniform excitation in order to sample the different intensity regions of the laser pulse profile.
Molecular dynamics simulations require determination of the forces F j acting on the jth ion. This is done using the Hellman-Feynman theorem.
In our discussion of the interaction between the nanotube and the external femtosecond laser pulse we distinguish two different kinds of boundary conditions along the tube axis, which correspond to two different physical situations: ͑i͒ variable size supercell and ͑ii͒ fixed size supercell. The condition ͑i͒ is used when the CNT is completely contained in the spot irradiated by the laser pulse. In this case the diameter of the laser spot is larger than the length of the nanotube ͓see Fig. 1͑a͔͒ , and the electronic excitation produced by the laser pulse can lead to an ultrafast expansion of the entire tube. It is important to point out that in this situation the expansion velocity of the tube is not limited by the sound velocity, since the whole nanotube is excited and the ground state potential energy surface ͑on which the sound velocity is defined͒ can be dramatically changed. 35 The tube can expand in the longitudinal direction after the action of the laser pulse. The condition ͑ii͒ is used to simulate a local excitation of the nanotube by the laser, which will occur when the diameter of the laser spot is smaller than the length of the nanotube ͓see Fig. 1͑b͔͒ . In this case, the irradiated part of the nanotube cannot undergo ultrafast longitudinal expansion, since the expansion velocity is limited by the sound velocity of the unexcited part. We assume there is no longitudinal expansion and we use fixed periodic boundary conditions ͑the unit cell is not permitted to change, putting a restriction on the longitudinal expansion of the CNT͒. In the directions perpendicular to its axis, the CNT is surrounded by ample amounts of vacuum, thus permitting any radial expansion the potential energy surface demands. With the fixed size supercell, we are simulating the limiting case of an SWNT that is completely prevented from length fluctuations. While this extreme may not be exactly realizable in an experimental situation, we believe that consideration of this limit is valuable to highlight differences in SWNT fragmentation behavior induced by the experimental setup.
In the following we define the damage threshold as the laser intensity necessary to produce an irreversible change in the structure of the nanotube. We should clarify at this point that we do not have a linear relation between the maximum amplitude of the laser field E͑t͒, which represents the external electromagnetic field, and the energy E 0 absorbed by the electrons. 37 Nevertheless, the convolution between the laser's intensity distribution and the population number determines the absorbed energy. The laser field is given by a localized oscillatory wave with a given intensity and a time lag, as mimicked in Fig. 1 . At the end, the absorbed energy depends on how excited states are populated by the electrons.
III. RESULTS
To facilitate the presentation and discussion of the extensive molecular dynamics simulations performed in this study, we divide the discussion into two sections depending on the type of boundary condition used to address the laser-induced structural modifications of the tube ͑see above͒. In the two cases we analyze the results for armchair and zigzag carbon nanotubes of different diameters in terms of the laser pulse applied, in particular we focus on the how the structure changes as a consequence of the energy absorbed by the tube during the laser excitation and how this depends on the laser pulse duration ͑from pulses of = 20 to 100 fs͒. In all the results the key quantity we looked at is the damage threshold ͑as introduced in the previous section͒, as a function of diameter. In this context, Figs. 2 and 4 summarize the results of the present work for the damage thresholds of zigzag and armchair CNTs for fixed and variable boundary conditions. Now we are going to comment separately on the results obtained for each of the two types of boundary conditions that we have used.
A. Fixed boundary conditions
As discussed above this geometry would correspond to long tubes supported on a substrate and possibly held in place by bulk material that prevents the tube from expanding on time scales shorter than those determined by the sound velocity. In this configuration we take the spot of the laser pulse smaller than the tube length, which therefore acts only at the central region of the tube. Nevertheless, we assume the laser intensity to be homogeneous in the short tube section in our simulation supercell. For the different tube diameters and chiralities we have considered, different supercell sizes were used according to computational necessity. In particular, the shortest nanotube we have considered is 12.3 Å in length ͓with chirality ͑6,6͔͒ and the longest one is 33.8 Å in length ͓with chirality ͑8,4͔͒. The number of atoms ranges from N = 120 to N = 352.
In Fig. 2 we summarize the results for the damage thresholds of zigzag and armchair CNTs with fixed boundary conditions. As a general observation, the damage threshold does not have monotonous dependence on tube diameter. For the studied diameters, the average damage threshold is E 0 = 2.00± 0.09 eV/ atom for zigzag tubes with fixed boundary conditions at = 20 fs pulse duration, and E 0 = 2.05± 0.07 eV/ atom for armchair nanotubes at =50 fs pulse duration. Furthermore, the maximum threshold is obtained for tube diameters of about d = 12 Å in both cases. This structure is more clear for armchair tubes than zigzag tubes that exhibit a more oscillatory dependence with tube diameter. Towards the lower diameters we find a decrease of stability that would agree with the observation that nanotubes of higher curvature tend to be less stable. 38 We illustrate how the structural damage is induced in the tube by showing in Fig. 3 the computed trajectory for the ͑22,0͒ SWNT for laser deposited energy of E 0 = 2.45 eV/ atom ͑pulse duration =20 fs͒ that is 30% above the damage threshold for this tube in Fig. 2 . Upon laser excitation, we observe that irreversible damage occurs within the first picosecond. The process of fragmentation starts with the emission of some carbon monomers few hundred femtoseconds after the laser pulse, which leads to a large tear in the CNT wall and to the formation of some linear carbon chains. This observation is in qualitative agreement with a previous work, where a concerted "patching-and-tearing" mechanism was proposed 39 to explain the transition from single-walled nanotube ropes to multiwall nanotubes upon heat treatment. We could envision here that a similar process could be obtained by a short-laser pulse. The laser could trigger such a structural transformation of single-walled ropes to multiwall nanostructures, or other modifications ͑by shaping the laser pulse and its duration͒.
B. Variable cell simulations
This setup has been chosen with the idea of treating tubes that are irradiated by a laser pulse in all their length. In this case we allow the relaxation of the boundaries since ultrafast expansion is possible. This opens the possibility of energy transfer into longitudinal oscillations, which propagate along the carbon nanotube. This could be an important part in a   FIG. 2 . ͑Color online͒ Damage thresholds of zigzag ͑a͒ and armchair ͑b͒ SWNTs as a function of tube diameter. The damage threshold is defined as the minimum energy deposited by the laser in order to produce an irreversible structural transformation of the tube. Both panels correspond to fixed periodic boundary conditions. This corresponds to long nanotubes that are only partially excited by the laser pulse and thus cannot expand in the longitudinal direction. Note that for zigzag tubes, the duration of the laser pulse was = 20 fs, whereas it was = 50 fs for armchair tubes. mechanism to distribute the absorbed energy together with the standard mechanical ͑plastic or brittle͒ deformation discussed above in the case of fixed boundary conditions. Figure 4 summarizes the results for the damage thresholds of zigzag and armchair CNTs with variable boundary conditions. In this case there is no clear maximum for the damage threshold and the two types of tubes behave similarly, with diameter fluctuations in the zigzag smaller than in the armchair case ͑as in the case of fixed boundary conditions͒. Here, the average threshold for damage is higher since for variable boundary conditions additional relaxation channels appear, namely, a longitudinal wave propagation. The average value E 0 = 2.09± 0.10 eV/ atom for zigzag tubes with variable boundary conditions at = 20 fs pulse duration for the tube diameter range shown in Fig. 4͑a͒ is above the corresponding value of E 0 = 2.00± 0.09 eV/ atom for the same nanotubes with fixed boundary conditions ͓see Fig. 2͑a͔͒ . The average damage threshold for the armchair nanotubes of Fig. 4͑b͒ is E 0 = 2.21± 0.04 eV/ atom, also higher than the average value E 0 = 2.05± 0.07 eV/ atom corresponding to Fig.  2͑b͒ .
To get more insight into the dynamics of the damage and the role of the laser pulse parameters, we explore the influence of the pulse duration. In Fig. 5 we show the damage thresholds of armchair CNTs with variable periodic boundary conditions for pulse durations of = 20, 50, and 100 fs. The overall picture is that the longer the laser pulse the larger the damage threshold. We find an exception to this trend for the ͑7,7͒ CNT. The average thresholds for the diameter ranges shown in Fig. 5 are E 0 = 2.09± 0.07 eV/ atom for = 20 fs, E 0 = 2.21± 0.04 eV/ atom for = 50 fs, and E 0 = 2.37± 0.11 eV/ atom for = 100 fs pulse duration. For longer pulse durations, the CNT is able to accommodate a larger amount of laser energy without sustaining damage. This result can be rationalized in terms of electron-ion relaxation: For short laser pulses the intensity is very high and does not give the system time for structural relaxation to accommodate the additional electronic energy provided by the laser. As the pulse duration becomes comparable to the time scale for structural relaxation, the nanotube can redistribute part of the energy among different degrees of freedom while it is flowing into the system. In the limit of infinite pulse duration one expects the absorbed energy to be distributed among all degrees of freedom according to the equipartition theorem.
In addition, by comparing the effect of the same laser pulse on zigzag and armchairs tubes ͓compare Figs. 4͑a͒ and 5 for =20 fs͔ we observe that on average, zigzag, and armchair tubes have comparable damage thresholds. It is inter- Both panels correspond to variable periodic boundary conditions. This corresponds to short nanotubes that fit entirely into the laser spot and can thus expand freely upon laser excitation. Note that for zigzag tubes, the duration of the laser pulse was = 20 fs whereas it was = 50 fs for armchair tubes.
esting to point out that though the overall response of armchair and zigzag nanotubes is different, we found particular diameters for which the damage threshold was almost independent of the chirality. In Fig. 6 we show results for the damage thresholds of tubes with d = 8 Å diameter but chiralities between 0°and 45°.
Nanotubes are experimentally known to possess structural defects. While the main focus of our investigation was the structural response of perfect SWNTs, we have for a few sample tube geometries determined how the thresholds would change if a single vacancy were present. We find for ͑10,0͒, ͑15,0͒, and ͑20,0͒ with a high linear vacancy concentration of n def = 0.06 Å −1 ablation thresholds of E 0 = 1.84± 0.04 eV/ atom, 1.79± 0.05, and 1.85± 0.05 eV/ atom, respectively. This should be compared to the corresponding values for the perfect tubes ͑see Fig. 4͒ E 0 = 2.07± 0.08, 2.07± 0.08, and 2.16± 0.07 eV/ atom, respectively. Thus we find that the damage threshold is lowered by approximately 0.2 eV/ atom or 10% due to the presence of a single vacancy. In previous investigations of SWNTs with pentagonheptagon defects 12, 40 we have found a similar decrease of the damage threshold of roughly 10% in the presence of defects.
We complete the study by presenting an analysis of particular trajectories for different absorbed energies, focusing on structural changes close to and below the damage threshold. In Fig. 7 , the ͑20,0͒ SWNT with variable boundary conditions remains intact after absorption of E 0 = 2.1 eV/ atom ͑pulse duration =20 fs͒. Upon laser excitation, we observe a strong radial expansion and, several hundred femtoseconds after the pulse some breathing vibrational excitation of the SWNT wall. The most remarkable feature of the vibrational excitation is a standing wave that forms on the CNT wall and which will be analyzed in more detail below.
Slightly above the damage threshold, i.e., for E 0 = 2.35 eV/ atom, the damage occurring within the first picosecond after the action of the laser pulse of = 20 fs duration consists only in the emission of carbon monomers ͑see Fig. 8͒ . If the intensity is increased further we see the same behavior as discussed in the previous section for fixed boundary conditions ͑see Fig. 3͒ .
IV. DISCUSSION
After having presented the results for both boundary conditions, we now analyze them in more detail. The first im- portant point from the previous results is that damage thresholds do not show a simple monotonous behavior as a function of tube diameter. It is important to keep in mind that the damage thresholds calculated in our study correspond to damage in the presence of a massive electron-hole excitation, and fragmentation typically sets in before the CNTs reach lattice temperatures that would produce thermal damage. All figures show maxima and minima of SWNT stability with respect to laser intensity. Comparing Figs. 2 and 4 , which show the response of the same SWNTs to laser pulses with identical parameters, but assuming different boundary conditions, we obtain that for fixed periodic boundary conditions the average damage threshold is lower. Especially the tubes with diameters below d = 8 Å are more stable if they can expand longitudinally. For fixed boundary conditions, the ͑16, 0͒ tube with a diameter of d = 12.5 Å shows the highest stability observed in the diameter range d ͓4;18 Å͔. For variable boundary conditions, tubes of d = 5 to 7 Å diameter are as stable as the ͑16, 0͒ tube. Moreover, the ͑14, 0͒ SWNT with a diameter of d = 11.0 Å even more stable. For both types of boundary conditions, the stability of the ͑12, 0͒ and ͑13, 0͒ CNTs with respect to laser excitation is relatively low ͑around 0.3 eV/atom below the highest thresholds in the sample͒. If we now focus on the armchair SWNTs at = 50 fs pulse duration ͓see Figs. 2͑b͒ and 4͑b͔͒ we find a slightly simpler dependency of the damage thresholds on the tube diameter ͑although for a smaller sample of 7 tube diameters compared to the 17 diameters analyzed in the case of zigzag tubes͒. Specifically for fixed tube length ͓Fig. 2͑b͔͒, there is a clear stability maximum for the ͑9, 9͒ CNT of d = 12.2 Å diameter; both for lower and for higher diameters the stability falls monotonously. For variable periodic boundary conditions ͓Fig. 4͑b͔͒, the stability maximum is at d = 13.6 Å corresponding to the ͑10, 10͒ SWNT. Here the thresholds for the narrower tubes vary non-monotonically. Note, that the tubes with odd indices ͑7, 7͒ and ͑9, 9͒ show lower stability than the tubes with even indices ͑6, 6͒, ͑8, 8͒, and ͑10, 10͒.
Another interesting difference between zigzag and armchair nanotubes is due to the different mechanical response along the tube axis for zigzag and armchair tubes ͓higher stiffness of the ͑n , n͒ tubes in the direction perpendicular to its axis as compared to the ͑n ,0͒ tubes͔. In the case of zigzag tubes, close to but below the damage threshold, we observe vibrations of the nanotube walls that lead to deviations from the circular cross section creating a standing wave on the nanotube wall. This standing wave was not observed for armchair tubes. In Fig. 7 we have shown that for laser intensities slightly below threshold the spherical wall of the CNT deforms into a standing wave. In order to make this effect clearer, we show in Fig. 9 a plot of three consecutive CNT structures in which the atoms are represented as filled circles and projected onto the xy plane. They correspond to a ͑22, 0͒ SWNT with N = 352 atoms which has absorbed E 0 = 1.96 eV/atom from a = 20 fs laser pulse. Each color corresponds to a section formed by a zigzag line of atoms along the zigzag CNT perimeter. The formation of a standing wave on the tube wall is clear. We quantify the deviations of the CNT wall from the perfect circle by fitting each of the eight 44 atom sections of the CNT to the nearest circle, i.e., by minimizing the function
with respect to the circle center ͑x 0 , y 0 ͒ and radius r for each section. The time evolution of the radii gained by this procedure is shown in Fig. 10 . The radii of the eight tube sections oscillate in phase directly after laser excitation but after 2 ps some dephasing is seen. Now the oscillation amplitude of an atom i with respect to the fitted circle can be defined as
and can be used to quantify the standing wave. The average of all of these amplitudes is plotted as a function of time in Fig. 11 . This plot shows that the amplitude of the standing wave builds up with a time delay of approximately 400 fs after the action of the pulse and comes to a maximum around t = 800 fs. Subsequently, the standing wave decays again on a time scale of several hundred femtoseconds ͑related to the coupling of the electrons to the optical phonons of the tube͒. We should note that electronic temperature reached in our simulations get closer to T e = 20 000 K, while the ionic temperature which initially was T l = 300 K increases due to electron-phonon coupling and reaches T l = 500 K. As can be seen from the time evolution of the SWNT radius during the formation of the standing wave ͑Fig. 10͒, the radial expansion immediately following the laser pulse is about 0.8 Å.
This means that in a perfectly ordered SWNT bundle with distances between nanotubes of d = 0.3 nm, 41 an expansion of this magnitude would lead to a collision between neighboring tubes and thus a modified behavior not taken into account in our calculations. They should rather be taken to reflect the structural evolution of members of loose SWNT bundles where the calculated radial expansion does not yet lead to increased interactions between neigboring tubes.
For the two principal chiralities we have considered, i.e. armchair and zigzag nanotubes, there are typical angles between CC bonds with respect to the CNT axis. In the case of an armchair CNT, we have one type of bond at a right angle to the tube axis ͑now called type I͒ and one type at an obtuse angle with the axis ͑now called type II͒. In the case of a zigzag CNT, there is a bond type parallel to the tube axis ͑type III͒, and one at an acute angle ͑type IV͒. For an illustration, see Fig. 12 . In Fig. 13 we show an example of the time evolution of the average bond length for each of the armchair bond types. Its corresponds to a ͑10, 10͒ carbon nanotube excited by a laser pulse of = 100 fs duration during which it absorbs E 0 = 2.17 eV/atom. A first striking characteristic in Fig. 13͑a͒ is the difference in amplitude of the average bond lengths which is signature of the radial nanotube expansion. Even though in this case of below-threshold excitation, both types of bonds relax to the same average bond length, it is clear that the type I bond would reach the breaking point before the type II bond if the laser intensity were slightly increased. Consequently, we have observed that damage in armchair tubes starts with the breaking of type I bonds. After a first bond breaks, a cascade of bond breaking shows up as a tearing effect. Atoms at the edge of such a tear which now exhibit dangling bonds can leave the system rather easily. Thus, at laser intensities only slightly above the damage threshold, we often observe single carbon atoms leaving the carbon nanotube. In the case of zigzag CNTs, we find that both type III and type IV bond length averages oscillate in phase, at a high frequency similar to that of type II bonds in armchair CNTs ͓see Fig. 13͑b͔͒ . We observe that initially, type III bonds ͑along the tube axis͒ oscillate with larger amplitude than type IV bonds.
Finally, it is important to note that the lattice temperatures that are achieved at the damage threshold are on average T l = 750 K. Thus, the fragmentation mechanisms we have presented here are predominantly due to the electron-hole excitation created by the laser pulse. At the damage threshold, we observe a peak excitation of approximately = 8% of the electrons from the valence into the conduction band. This means that with the fragmentation conditions created by ultrashort laser pulses we are in the brittle regime and not in the superplastic regime involving lattice temperatures of T l = 2000 K reported in Ref. 43 .
V. SUMMARY AND CONCLUSIONS
In this work we have theoretically studied the structural response of SWNT of different diameters and chiralities to femtosecond laser excitation. In particular, the damage thresholds were carefully determined with the help of systematic MD simulations. Due to their metastable character carbon nanotubes ͑CNTs͒ may transform into more stable structures under the appropriate "annealing" conditions. Investigations of the stability and annealing pathways of metastable structures are of primary importance, specially in the context of technological applications. Coalescence of SWNTs is an example of structural transformation leading to a more stable structure, i.e., a nanotube of larger diameter. 42 Thus we believe that this work is the first step for the understanding of those processes. Comparing two types of tube chiralities at the same laser pulse durations, we find that on averge SWNTs of zigzag and armchair type can withstand comparable laser intensities before breaking, but threshold dependencies on diameter differ.
The fact that carbon nanotubes have different damage thresholds as function of diameter is an important result of our simulations. It should be reflected in experiments performed on multiwall nanotubes, where the laser would be able to affect only some of the tubes. This might have important consequences for the manipulation of transport properties of multiwall nanotubes. Another important observation is the fact that nanotubes excited by laser intensities above the threshold tear open and can interact with similar or other 13 . ͑a͒ Average bond length for the two kinds of bonds in an armchair ͑10,10͒ carbon nanotube, either perpendicular to the tube axis or not ͑see Fig. 12 for the definition of the bond types͒. The energy deposited by the = 100 fs laser pulse is E 0 = 2.17 eV/atom ͑well below the damage threshold, see Fig. 5͒ . ͑b͒ Average bond length for the two kinds of bonds in a zigzag ͑18,0͒ CNT, either along the tube axis or not. The energy absorbed from the = 50 fs laser pulse was E 0 = 2.02 eV/atom ͑just below the damage threshold͒.
tubes, which may lead to the creation of new types of structures. Finally, in the case of confined carbon nanostructures in carbon nanotubes, the laser could act differently on the confined nanostructures ͑for example fullerenes͒ than on the nanotube itself.
